Introduction
Cells avoid dehydration in high osmotic pressure environments by accumulating osmolytes (Wood, 2011) . Osmosensory transporter ProP mediates the uptake of zwitterionic osmolytes such as proline, glycine betaine, ectoine and dimethylsulfoniopropionate by bacterial cells (MacMillan et al., 1999; Murdock et al., 2014) . ProP activity is a sigmoid function of the osmolality in vivo and in vitro (Racher et al., 1999; Culham et al., 2003a) . The osmolality at which ProP activates is directly proportional to the anionic lipid content of the membrane and it is more sensitive to cardiolipin (CL) than to phosphatidylglycerol (PG) ( Tsatskis et al., 2005; Romantsov et al., 2008) . The proportion of CL in Escherichia coli cell membranes is a direct function of growth medium osmolality (Tsatskis et al., 2005) , and ProP concentrates with CL at the poles of E. coli cells (Romantsov et al., 2007; Romantsov et al., 2008) . Thus, subcellular localization influences ProP function by determining the protein's phospholipid environment. Here, we provide new evidence that the subcellular localization of ProP is determined by ProP-lipid and ProP-ProP interactions involving the cytoplasmic, C-terminal domain of the protein.
In E. coli, ClsA and ClsB (formerly YbhO) mediate CL synthesis from PG, while ClsC-YmdB (formerly YmdCYmdB) mediates CL synthesis from PG and phosphatidylethanolamine (PE) (Tan et al., 2012) . The CL content of bacteria from exponential phase cultures varies with the growth medium osmolality because clsA is osmotically induced (Tsatskis et al., 2005; Romantsov et al., 2007; Tan et al., 2012) . The CL content of E. coli varied from 4 to 5 mol% to 7 to 9 mol% in the osmolality range relevant for ProP function. The CL content of clsA 2 bacteria was 0.3-0.6 mol% in the same osmolality range (Tsatskis et al., 2005; Romantsov et al., 2007) .
CL can be detected by fluorescence microscopy employing fluorophore 10-N-nonyl-acridine orange (NAO) (Mileykovskaya and Dowhan, 2000; Mileykovskaya et al., 2001) . When cells are labeled at low NAO/ phospholipid ratios, green NAO monomer fluorescence is associated with non-specific NAO binding to anionic lipids (Petit et al., 1992) . Red NAO excimer fluorescence is associated with NAO binding to adjacent CL molecules (Mileykovskaya et al., 2001 ) and concentration of CL at E. coli cell poles (Mileykovskaya et al., 2001; Romantsov et al., 2007) . It was observed in approximately 75% of cls 1 bacteria (Romantsov et al., 2009) and polar localization of CL was confirmed by phospholipid phosphorus analysis of minicells that represent the bacterial cell poles (Koppelman et al., 2001; Romantsov et al., 2008) . No red fluorescence was detected when clsA 2 bacteria were analysed in the same way (Mileykovskaya and Dowhan, 2000; Romantsov et al., 2007) . When cells were labeled at high NAO/phospholipid ratios, red NAO excimer fluorescence was observed at the poles of E. coli cells devoid of CL (Oliver et al., 2014) . The assertion that NAO can detect concentration of PG at the poles of CL-less cells was supported by mass-spectrometry based analysis of minicells lacking three CL synthases (Oliver et al., 2014) and contradicted by phospholipid phosphorus analysis of minicells from clsA 2 bacteria (Romantsov et al., 2008) . Vanounou et al. reported segregation of PE and PG on the basis of the excimer fluorescence of the pyrene-labeled phospholipids (Vanounou et al., 2003) . ProP localization at the cell poles and septa was detected by fluorescence microscopy based on FlAsH [Fluorescein Arsenical Helix binder (Griffin et al., 1998) ] labeling of MVCCPGCC-ProP (Romantsov et al., 2007) . The proportion of cells with ProP concentrated at the poles was insensitive to ProP expression level or to plasmid-versus chromosome-based proP location (Romantsov et al., 2009) . The molecular basis for ProP localization is therefore explored with cells containing plasmid-encoded MVCCPGCC-ProP as a constant fraction of total cell protein (Romantsov et al., 2007; Romantsov et al., 2009) . In this system, the proportion of cells showing ProP localization indicates the degree to which the available protein concentrates at the cell poles, allowing a fluorescent spot to be detected.
The fraction of cells with ProP concentrated at the cell poles varied from 4% to 51% in cells with CL contents modulated by growing clsA 2 or clsA 1 bacteria in media with different osmolalities (Romantsov et al., 2008) . In clsA 2 bacteria the proportion of PG varied from 25 mol% to 30 mol% with the growth medium osmolality. However, ProP concentrated at the cell poles in only a small fraction of these cells (5-10%) and no reproducible trend with PG content could be detected (Romantsov et al., 2008; Romantsov et al., 2009) . Thus, the polar localization of ProP was CL-dependent, not anionic-lipid dependent. FlAsH labelling was also employed to investigate the polar localization of other membrane proteins (Romantsov et al., 2009) . LacY concentrated at the poles in approximately 50% of E. coli cells, whereas AqpZ, MscL and ProW concentrated at the poles in only 5-15% of E. coli cells, and no trends with CL content were detected. Concentration of MscS at the poles was intermediate in frequency and slightly CL sensitive. Thus, CL-dependent protein localization at the cell poles is unusual (Romantsov et al., 2009) . We aim to understand how ProP is targeted to the poles of E. coli cells. Previous work implicated the extended cytoplasmic, C-terminal domain in both osmosensing and subcellular localization for ProP (Romantsov et al., 2008) . TMXII of the 500 residue E. coli ProP protein (ProPEc) emerges from the membrane at K439 (Liu et al., 2007) . Residues K439-E458 and R488-E500 are predicted to be disordered, residues I456-Q493 are predicted to be a-helical, and residues I456-R497 show the heptad amino acid repeats characteristic of proteins that form a-helical coiled-coils (Fig. 1) . The structure of the homodimeric, antiparallel coiled-coil formed by a peptide representing ProPEc-(D468-R497) was determined by nuclear magnetic resonance (NMR) spectroscopy and in vivo cross-linking indicated that a similar structure forms in vivo (Hillar et al., 2005) .
Circular dichroism (CD) spectroscopy and sedimentation equilibrium centrifugation were used to analyse the structures of peptide ProPEc-(I456-E500) and its variants (Culham et al., 2000; Hillar et al., 2003; Tsatskis et al., 2005) . Replacement I474P, at a heptad 'a' position, is expected to disrupt the alpha helix and coiledcoil formation without altering peptide charge. Replacement E480C, at a heptad 'g' position, did not affect coiled-coil formation (Hillar et al., 2003; Hillar et al., 2005) but did decrease the net negative charge of the peptide. R488, at a heptad 'a' position, stabilizes the antiparallel coiled-coil by interacting with aspartates on the opposing strand (Tsatskis et al., 2008; Zoetewey, 2008) . Replacement R488I destabilized the coiled-coil and rendered its orientation parallel in vitro (Tsatskis et al., 2008) and in vivo (Hillar et al., 2005) , while also increasing its negative charge. These replacements had diverse effects on coiled-coil formation and ProP function, yet all three replacements abrogated the polar localization of ProPEc [this work and (Romantsov et al., 2008) ].
This report compares the effects of additional structural variations in the C-terminal domain of ProP on its membrane association in vitro (detected with a liposome-peptide binding assay) and on the subcellular localization of full length ProP in vivo. The properties of ProP orthologues and ProPEc variants were compared. A remarkable correspondence between effects of structural variations on subcellular localization and peptidemembrane association led to the following model for the CL-dependent subcellular localization of ProP. Association of the C-terminal domain with the membrane surface causes ProPEc to cluster at the cell poles to a degree that is detectable with FlAsH-labeling. That association can occur in more than one manner. The Cterminal domain of a ProPEc variant that does not form an antiparallel coiled-coil and that of a ProP orthologue that lacks the coiled-coil sequence associate with the membrane surface at high affinity and produce polar localization in approximately one half of E. coli cells cultivated at low or high osmolality. The wild type coiledcoil domain blocks that CL-independent association. Instead, the dimeric coiled-coil can bind the membrane surface in a CL-dependent manner. It thereby confers CL-dependence on the polar localization of ProPEc in vivo. This binding and polar localization occur with an apparent low affinity, perhaps because they are limited by the coiled-coil monomer-dimer equilibrium.
Results

Subcellular localization of ProP orthologues in E. coli
ProP orthologues with (ProPEc, ProPAt, OusA) and without (ProPXc, ProPCg) the C-terminal coiled-coil domain ( Fig. 1) are osmoregulators (Tsatskis et al., 2008; Marom, 2015) . ProPAt and ProPXc are high in sequence identity to ProPEc (65% and 51% respectively), their osmolality responses in E. coli are similar to that of ProPEc (Tsatskis et al., 2005; Marom, 2015) and the membranes of the source organisms include significant proportions of zwitterionic (PE) and anionic (PG plus CL) phospholipids. Anionic lipids constitute 24, 36 and 51 mol% of the lipids in E. coli (Romantsov et al., 2007) , A. tumefaciens (Karnezis et al., 2003) and X. campestris (Tsatskis et al., 2005) respectively. The subcellular localization of orthologues ProPEc, ProPAt and ProPXc was therefore compared. Each protein was expressed in E. coli from the AraC-regulated araBAD promoter of vector pBAD24 (Guzman et al., 1995) and nucleotides encoding the FlAsH-EDT 2 target sequence, CCPGCC, were added after the initiation codon. Expression of each transporter gene was adjusted with inducer arabinose to yield significant proline (ProPEc and ProPAt) or glycine betaine (ProPXc) uptake activity (Table 1) (Romantsov et al., 2007; Marom, 2015) .
[Despite their similar osmolality responses, ProPXc differs in substrate specificity from ProPEc and ProPAt (Marom, 2015) .]
Each orthologue appeared at the cell periphery as indicated by fluorescence microscopy ( Fig. 2A) . Approximately one-half of the bacteria showed detectable fluorescence. Cells with uniform fluorescence, fluorescence concentrated at one cell pole or fluorescence concentrated at both cell poles were easily identified and counted . Similar patterns of CL-dependent polar localization were The sequences of the cytoplasmic C-termini of ProP orthologues from E. coli (ProPEc), Dickeya dadantii (previously Erwinia chrysanthemi) (OusA), Agrobacterium tumefaciens (ProPAt), Xanthomonas campestris (ProPXc) and Corynebacterium glutamicum (ProPCg), aligned according to a full length sequence alignment performed with CLUSTALW (Larkin et al., 2007) . ProPEc emerges from the membrane into the cytoplasm at residue K439 (Liu et al., 2007) . The sequence identities of the full length proteins with ProPEc are 80% (OusA), 65% (ProPAt), 51% (ProPXc) and 37% (ProPCg). All of these proteins function as osmoregulatory transporters (Poolman et al., 2004; Tsatskis et al., 2008; Marom, 2015) . Acidic residues (D,E) are red and basic residues (H,K,R) are blue. Conserved residues are marked with asterisks (*). Labels designate residues cited in the text. Heptad Repeats: The heptad repeats in ProPEc, ProPAt and OusA are shown above the alignment. The part of this sequence that is known to form antiparallel coiled-coils in vitro and in vivo is bold (Culham et al., 2000; Hillar et al., 2003; Zoetewey et al., 2003; Hillar et al., 2005; Tsatskis et al., 2008) . Positions 'a' and 'd' in the heptad repeat (a-g) n represent the residues in the hydrophobic core that stabilize two-stranded coiled-coils. Structure: H, a-helix predicted by PsiPred (Bryson et al., 2005) ; Underline and Bold, Intrinsically disordered sequence predicted by DisEMBL 1.5 (Hot-loops definition) (Linding et al., 2003) .
Anionic lipids control ProP localization in Escherichia coli 471 observed for FlAsH-stained ProPEc and ProPAt, whereas the polar localization of ProPXc in E. coli was high in frequency and CL-independent (Table 2 ). For example, the proportion of cells in which ProPEc was concentrated at the cell poles varied from 4% to 51% as the proportion of CL among phospholipids varied from 0.3 mol % to 8.3 mol %. In contrast, the proportion of cells with ProPXc concentrated at the cell poles varied from 36% to 45% with the same variation in CL content. The data suggest that ProPEc, ProPAt and ProPXc have a strong tendency to concentrate at the poles of E. coli cells. For ProPEc and ProPAt, coiled-coil formation mitigates that tendency and renders it CL-dependent.
Amino acid sequence changes alter the subcellular localization of ProPEc
The structural determinants for ProP localization were further explored by creating ProPEc variants. Each variant except ProPEc-I470A_I474A_I477A (henceforth designated ProPEc-AAA) retained proline uptake activity ( Fig. S2 ). The positions of the replaced amino acids and their relationships to known or predicted coiled-coils are illustrated in Fig. 1 . The impacts of the structural changes fell into two distinct categories: they either dramatically decreased polar localization or rendered it high in frequency and CL-independent. Each variant appeared at the cell periphery as indicated by FlAsH labeling and fluorescence microscopy (as illustrated for MVCCPGCC-ProPEc-AAA in Fig. 2 ). The first experiments focused on the portion of the Cterminus that forms antiparallel, homodimeric coiledcoils (residues 468-497). As for amino acid replacements I474P and R488I (Romantsov et al., 2008) , replacement E480C abrogated polar localization of MVCCPGCC-ProP (Table 2) . This was surprising. The previous results had suggested a correlation between coiled-coil formation and polar localization, yet E480C abrogated polar localization without affecting coiled-coil formation (Hillar et al., 2003; Hillar et al., 2005) . These replacements altered the charge, the a-helicity and/or the coiled-coil orientation of the protein in different ways. Thus, variant ProPEc-AAA was created to specifically probe the role of coiled-coil formation in polar localization of the protein. Evidence presented below confirms that the Ile to Ala replacements at the consecutive heptad 'd', 'a' and 'd' positions in this variant (Ile470Ala_ Ile474Ala_Ile477Ala) prevented its dimerization by eroding the hydrophobic core of the coiled-coil, but they did not otherwise alter the secondary structure or the charge of each monomer. In contrast to the other variants, ProPEc-AAA concentrated at the cell poles at a high frequency (39-43%) as the CL content varied from 0.3 mol % to 8.3 mol % (Table 2 ). These data are consistent with our model if the C-terminal domain of ProPEc-AAA associates with the membrane in a CLindependent manner and the C-terminal domains of the other three variants (those with replacements I474P, E480C and R488I) do not associate with the membrane.
A second series of experiments probed the role of the C-terminus between TMXII and the antiparallel coiledcoil. R444, K447, K460 and Y467 were replaced with a. The ProP orthologues from E. coli (Ec), A. tumefaciens (At) and X. campestris (Xc), and the indicated variants of ProPEc, were expressed in E. coli WG350, which is otherwise devoid of proline or glycine betaine uptake (Culham et al., 1993 ) (see also Supporting Information Table S1 ). ProPEc-AAA is ProPEc-I470A_I474A_I477A. b. The bacteria were cultivated with arabinose at the indicated concentrations. c. ProP activity was measured, employing assay media with the indicated osmolalities, as described in Experimental Procedures. d. ProP activity is reported as the inital rate of L-proline uptake or, for ProPXc only, the initial rate of glycine betaine uptake.
leucine or isoleucine to assess the roles of charge and hydrophobicity in protein localization. In addition, K460 and Y467 are at the 'a' positions of two upstream heptads not involved in antiparallel coiled-coil formation (Culham et al., 2000) . Each replacement (separately) rendered the proportion of bacteria with ProP concentrated at the poles high (30%-59%) and CLindependent (Table 2) . Each of these replacements increased the hydrophobicity of the peptide and three of four increased its net negative charge. The effects of these changes on localization are consistent with our model if they render association of the C-terminal domain with the membrane CL-independent. Finally amino acid replacement E500C did not alter ProP localization (Table 2) . Thus the effects of the other replacements were residue-specific.
Peptide ProPEc-(K439-E500) associates with liposomes
Peptide MRGSH 6 GSGSGSGIEGR-ProPEc-(439-500) was purified, the N-terminal tag was removed, and association of the peptide with liposomes comprised of a polar lipid extract from E. coli was analysed with a sedimentation/ slot blot assay (Mileykovskaya et al., 2003) as described in Experimental Procedures. The peptide nomenclature is defined in Supporting Information Table S1 and, for clarity, the residue numbering for the full length protein is retained in describing the peptides. Thus the amino terminus of each purified peptide is K439. The apparent K d for antiparallel coiled-coil formation by ProPEc-(I456-E500) was roughly 0.03 mM [ Fig. 2 of (Culham et al., 2000) ]. The lowest peptide concentration in the binding assay, 0.1 mM, was determined by the assay sensitivity. Thus, the measurements reported below may represent sums of binding by the monomeric and dimeric peptide.
The quantity of peptide co-sedimenting with the liposomes varied directly with the peptide concentration (Fig. 3 ) and the concentration of the K phosphate buffer (Fig. 3B-D) . The selected range of potassium phosphate concentration corresponds to the range of luminal buffer concentration over which ProP activates in proteoliposomes (Culham et al., 2003a) . Binding also varied directly with the CL content when the mol % CL was varied by adding synthetic CL to the polar lipid extract (Fig. 3A) . Note that CL is expected to attain a concentration in excess of 10 mol% at the poles of E. coli cells cultivated to exponential phase in high osmolality media (Romantsov et al., 2008) . The apparent membranebinding affinity was low.
To further explore the lipid headgroup specificity of this association, the experiments were replicated using liposomes prepared with synthetic PE and PG (PE:PG 75:25; Fig. 3C ) or synthetic phosphatidyl choline (PC) and PG (PC:PG 75:25; Fig. 3D ). Lower, buffer concentration-dependent binding was detected in the absence of CL (compare panel 3B with panels 3C and 3D), showing that CL was not essential for association of the wild type peptide with the membrane surface. Binding was also similar in liposomes prepared with PE or PC (compare panels 3C and 3D), suggesting that the high intrinsic strain characteristic of PE-rich membranes was not important for this association.
Amino acid sequence changes alter membrane association of peptide ProPEc-(K439-E500)
The sedimentation assay was further applied to assess the impacts of amino acid replacements on association 
a. The ProP orthologues from Escherichia coli (Ec), Agrobacterium tumefaciens (At) and Xanthomonas campestris (Xc), and variants of the E. coli orthologue with the indicated amino acid replacements, were expressed in E. coli strains WG350 (clsA 1 ) and WG980 (clsA 2 ) (Culham et al., 1993; Romantsov et al., 2007) . ProPEc-AAA is ProPEc-I470A_I474A_I477A. These amino acid replacements destabilize the coiled-coil by replacing 3 large hydrophobic Ile sidechains in the hydrophobic core with 3 small Ala sidechains. b. The CL content of the bacteria varied because they lacked or retained cardiolipin synthase A (clsA 2 and clsA 1 respectively) and because they were cultivated in MOPS minimal medium containing 0.05 M NaCl (Low Osmolality) or 0.3 M NaCl (High Osmolality). The CL contents of bacteria cultivated in this way were estimated as (mol percent): 0.3 (clsA 2 , low osmolality), 0.6 (clsA 2 , high osmolality), 3.8 (clsA 1 , low osmolality), 8.3 (clsA 1 , high osmolality) (Romantsov et al., 2007) . The variation in fluorescence intensity along the long axis of clsA 1 and clsA 2 bacteria containing MVCCPGCC-ProPEc is illustrated in Fig. 2 (panels B-H) . The subcellular localization of MVCCPGCC-ProPEc, MVCCPGCCProPEc-I474P and MVCCPGCC-ProPEc-E480C was reported previously (Romantsov et al., 2009; Romantsov et al., 2009). of peptide ProPEc-(K439-E500) with liposomes. Remarkably, the effects of these replacements fell into categories analogous to those observed for polar localization of the full length protein. They either dramatically decreased peptide-liposome association or they rendered it higher in apparent affinity and CL-insensitive.
Replacement I474P abrogated while replacements E480C and R488I significantly reduced association of the peptide with liposomes (Fig. 4, inverted triangles) . In contrast, peptide ProPEc-AAA bound the membrane in a peptide and a CL concentration-independent manner, in that binding did not decrease at the lowest CL or peptide concentration accessible with this binding assay [Supporting Information Fig. S3B and Fig. 4 (open squares) respectively]. Peptide ProPEc-(K439-E500)-AAA was designed to disrupt coiled-coil formation without otherwise altering the secondary structure or net charge of the peptide. Disruption of coiled-coil formation was verified by CD spectroscopy (Fig. 5) . As for ProPEc-(I456-E500) (Culham et al., 2000) , the magnitude of the mean residue molar ellipticity for ProPEc-(K439-E500) at 220 nm increased with peptide concentration, as expected for a coiled-coil forming peptide (Fig. 5A) , whereas that for ProPEc-(K439-E500)-AAA did not The peptide was prepared and binding assays were completed as described in Experimental Procedures. Cited values are means derived from two experiments with three replicates per measurement. In A, the liposomes were comprised of an E. coli polar lipid extract (Avanti, 4 mol % CL) without or with additional synthetic CL (1,1 0 ,2,2 0 -tetraoleoyl cardiolipin) and the assays were performed in 0.1 M K phosphate. In B, the liposomes were comprised of the E. coli polar lipid extract (4 mol % CL) and the concentration of the assay buffer varied as indicated. In C, the liposomes were comprised of synthetic PG (1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], 25 mol%) plus synthetic PE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, 75 mol%) and the concentration of the assay buffer varied as indicated. In D, the liposomes were comprised of PG (1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], 25 mol%) plus synthetic PC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 75 mol%) and the concentration of the assay buffer varied as indicated. (Fig. 5B) . The mean residue molar ellipticities for the two peptides were similar at low peptide concentration, but they did not change with peptide concentration in the same manner (Fig. 5C) .
Like peptide ProPEc-(K439-E500)-AAA, the variants of ProPEc-(K439-E500) with individual replacement R444L, K447L, K460I or Y467I bound the liposomes in a peptide and CL concentration-independent manner in the tested concentration ranges (Fig. 4 , triangles, and Supporting Information Fig. S3) . Thus, the effects of these amino acid replacements on lipid association of the C-terminal peptide fully recapitulated their effects on the subcellular localization of ProPEc.
Discussion
The CL-dependent polar localization of osmosensory transporter ProP is of particular interest because it modulates the osmosensory response. In vivo and in vitro analyses have shown that anionic lipid (CL or PG) modulates ProPEc function whereas the subcellular localization of ProPEc is CL (but not PG) dependent (Romantsov et al., 2007; Romantsov et al., 2008) . Subcellular localization modulates ProPEc function by adjusting the protein's phospholipid environment, not by adjusting its cellular location per se (Romantsov et al., 2008) .
This report concerns the mechanism by which ProP concentrates at the poles of E. coli cells. That interest leads logically to the mechanism by which CL concentrates at the cell poles. The cross-sectional area of the CL headgroup in the membrane plane is smaller than that of the acyl chains. Mathematical modeling suggests that, due to the resulting conical shape, CL partitions into the more negatively curved inner leaflet of the cytoplasmic membrane at the cell poles relative to the less negatively curved inner leaflet of the side-wall membrane or the positively curved outer leaflet (Mukhopadhyay et al., 2008) . This proposal is supported by experimental analysis of CL localization in E. coli spheroplasts with engineered shapes (Renner and Weibel, 2011) . However, a number of questions remain regarding this model. First, it treats the cytoplasmic membrane of E. coli as a two-phospholipid system in which the non-CL phospholipid is cylindrical. In fact PE, which constitutes approximately 75 mol% of the phospholipid in E. coli cells from exponential phase cultures, is conical (Lewis and Cafiso, 1999) . Thus it is not clear whether a strictly curvature-based mechanism would result in the concentration of CL or PE at the cell poles. Anionic lipid headgroups are mutually repulsive and the shape of CL depends on its acyl chain composition. Interactions among the anionic headgroups of CL and solution cations determine that it may behave as a conical or a cylindrical lipid depending on the cation content of its environment (Lewis and McElhaney, 2000) . However, the specific behaviour of the CL species in the E. coli membrane is unknown. Protein-dependent lipid localization mechanisms have also been proposed (Fishov and Norris, 2012; Laloux and Jacobs-Wagner, 2014; Roggiani and Goulian, 2015) . Recent evidence indicates that the MreB cytoskeleton alters physical properties of the adjacent cytoplasmic membrane in B. subtilis (Strahl et al., 2014) . This membrane potentialdependent effect influences the localization of other proteins. Such a mechanism also may foster proteindependent lipid domain formation.
Previous work showed that the polar localization of ProPEc in E. coli involves its extended C-terminal domain (Romantsov et al., 2008) . To further explore the roles of the C-terminal domain and CL in targeting ProP to the cell poles, ProP localization in vivo was compared with membrane association of the purified C-terminal peptide in vitro. Peptide ProPEc-(K439-E500) cosedimented with liposomes comprised of a polar lipid extract from E. coli (Fig. 3) . The quantity of liposomebound peptide increased with both the CL content of the membrane (Fig. 3A) and the K phosphate concentration of the buffer (Fig. 3B) . Unlike the polar localization of ProPEc in vivo, peptide-membrane association was not strictly CL-dependent (compare Table 2 with Fig. 3A , and Fig 3B with Fig. 3C and D) . The CL-dependence of ProP localization was scored as the percent of cells with fluorescence concentrated at the cell poles. The randomly distributed fluorescence at the cell periphery, also observed by fluorescence microscopy (Fig. 2) , may correspond with the CL-independent peptide-membrane association observed with the binding assay. In addition, both the fluorescence micrographs and the binding assays would report the summed membrane associations of the C-terminal domain in multiple conformational states. However, more conformational states may be accessible to the free peptide than to the C-terminus of the intact, membrane-integral ProP protein (see further discussion below). Nevertheless, a remarkable correlation between polar localization of intact ProP protein variants (Table 2 and Fig. 2 ) and liposome association of the corresponding C-terminal peptides (Figs. 3 and 4 and Supporting Information Fig. S3 ) was observed.
The C-terminal domain of ProPXc does not include the C-terminal coiled-coil (Fig. 1) . ProPXc concentrated at the cell poles in approximately one half of the E. coli cells visualized by FlAsH staining, regardless of their CL content (Table 2 and Fig. 2 ). Similar behaviour was observed for ProPEc-AAA, in which the relevant sequence was altered to prevent coiled-coil formation (Fig. 5) . In contrast to the wild type peptide, ProPEc-(K439-E500)-AAA associated with liposomes with a high and CL-independent apparent affinity ( Fig. 4 and Supporting Information Fig. S3 ). Coupled with additional data discussed below, these results suggest that membrane association of the C-terminal domain targets these proteins to the cell poles without lipid specificity.
A different picture emerged for ProP proteins that can dimerize by forming antiparallel, C-terminal coiled-coils (ProPEc and ProPAt, Fig. 1 ). For these proteins, polar localization and peptide-membrane association were CLdependent and peptide binding occurred with a lower apparent affinity. Furthermore, single amino acid replacements in ProPEc (shown in Fig. 1 ) fell into two categories (Table 2, Fig. 2 and 4 and Supporting Information Fig.  S3 ). Those located outside the antiparallel coiled-coilforming sequence (D468-E497) rendered peptide binding and polar localization high in affinity and CL-independent (as for ProPXc and ProPEc-AAA). One of those replacements (R444L) is also reflected in the C-terminus of ProPXc (Fig. 1) . In contrast, replacements within the antiparallel coiled-coil-forming sequence dramatically decreased both peptide binding and polar localization, even though their effects on coiled-coil formation are diverse (Culham et al., 2000) . These results support the view that the coiled-coil domain interferes with highaffinity, non-specific membrane assocation of the Cterminal domain while providing an alternative, CLdependent binding and targeting mechanism.
How might the C-termini of ProP orthologues and variants attain the proposed binding (and hence subcellular targetting) modes? Parts of each protein are likely to be disordered (Fig. 1) , at least when they are not interacting with other molecules. In addition, each may participate in multiple interactions, including the formation of homodimeric antiparallel or parallel coiled-coils, and/or association with the membrane surface as monomers or coiled-coil dimers. Thus targetting may involve interaction-mediated selection of particular conformational states. The cytoplasmic membrane of E. coli has a strongly negative surface charge. Amino acid replacements R444L, K447L and K460I enhanced membraneassociation of the C-terminal peptides despite increasing the net negative charge of the C-terminal domain (Fig.  4) . The selected amino acids were replaced with bulky, non-polar Leu or Ile. Membrane association of the wild type peptide increased with the concentration of the K phosphate buffer in a physiologically relevant range that would be expected to weaken Coulombic interactions, favouring clusters of residues with like charges (Fig. 3) . Taken together, these observations suggest that increasing salt concentration favours proximity to the membrane surface and a peptide conformation that promotes association via hydrophobic interactions.
It is also possible that single amino acid replacements in the coiled-coil domain of ProPEc disrupt a CL headgroup-specific binding site unique to the antiparallel coiled-coil structure. For example, residue E480 is located at an external, coiled-coil heptad 'g' position and replacement E480C does not influence coiled-coil formation, yet E480 is critical for both peptide-membrane interaction and ProP localization. E480 clusters with other anionic residues on the 'c/g' face of the antiparallel coiled-coil dimer and curvature of the ProPEc coiled-coil dimer was attributed to mutual repulsion among those residues (Fig. 6 ) . Thus, E480 may contribute to CL specificity by hydrogen bonding to CL headgroups and/or it may contribute to curvature of the peptide dimer that stabilizes the membrane interaction.
A recent report indicates that the activation of ProPEc by inorganic salts is a Coulombic, cation effect resulting from salt cation accumulation, and not site-specific cation binding, at the cytoplasmic membrane surface (Culham et al., 2016) . This Coulombic effect may result from folding or assembly of anionic, cytoplasmic ProP domains, an increase in local membrane surface charge density and/or the juxtaposition of anionic protein and membrane surfaces. Effects of the C-terminal amino acid replacements discussed in this report indicate that the C-terminal domain is central to both ProP localization and osmosensing (Culham et al., 2000) .
Experimental procedures
Bacteria, plasmids and molecular biological manipulations Basic molecular biological-techniques were as described (Sambrook and Russell, 2001) . The polymerase chain reaction (PCR) was carried out as described (Brown and Wood, 1993) . Oligonucleotides were purchased from Eurofins MWG Operon (Huntsville, AL). The Quik-Change Site Directed Mutagenesis procedure was performed with template plasmid pDC232 (Romantsov et al., 2007) (encoding MVCCPGCCProPEc), pDC267 (encoding MRGSH 6 GSGSGSGIEGR-ProPEc-(439-500)), pYT13 (Tsatskis et al., 2005 ) (encoding ProPAt) or pDM4 (Marom, 2015) (encoding ProPXc) as previously described (Culham et al., 2003b) . Each plasmid was transformed into E. coli strain DH5a (Hanahan, 1983) and the sequences of the proP genes were confirmed (GenAlyTiC, Guelph, ON).
Culture media and growth conditions
Plasmids encoding CCPGCC-tagged ProP orthologues and variants (Table 1) , were transformed into E. coli strains Fig. 6 . Views of an NMR structure of a peptide representing ProPEc residues 468-497 . The central image is a side view of the peptide. Backbone atoms are colored as black and gray to distinguish between the two a-helices and the N-termini are marked (N). All acidic (red; Asp and Glu) and basic (blue; Lys, Arg and His) residues are shown. In the left image, the peptide shown in the centre is rotated by 908 counterclockwise along the coiled-coil axis to show the c/g surface. Residues in the 'c' and 'g' positions are blue (basic residues) or red (acidic residues). The two images of residue E480 are circled. In the right image, the peptide shown in the centre is rotated by 908 clockwise along the coiled-coil axis to show the b/e surface. Residues in the 'b' and 'e' positions are red (acidic residues), yellow (polar residues; Gln, Thr) or gray (non-polar residues; Ala, Val). WG350 (F 2 lacZ trp rpsL thi D(putPA)101 D(proU)600 D(proP-melAB)212) (Culham et al., 1993) and WG980 (WG350 clsA::Tn10dTet3) (Romantsov et al., 2007) . The bacteria were cultivated at 378C in LB medium (Miller, 1972) or in NaCl-free MOPS (4-morpholinopropanesulfonic acid) medium, a variant of the MOPS medium described by Neidhardt et al. (1974) from which all NaCl was omitted. MOPS medium was supplemented with NH 4 Cl (9.5 mM) as a nitrogen source and glycerol (0.4% v/v) as a carbon source. L-tryptophan (245 lM) and thiamine hydrochloride (1 lg ml 21 ) were added to meet auxotrophic requirements and ampicillin (100 lg ml
21
) was added to maintain the plasmids. Low osmolality MOPS medium contained 50 mM NaCl, high osmolality medium contained 0.3 M NaCl, and these media had osmolalities of 0.25 and 0.7 mol kg 21 respectively. Osmolalities were measured with a Wescor vapour pressure osmometer (Wescor, Logan, UT, USA).
Bacteria were grown in LB medium at 378C for approximately 7 h, sub-cultured into fresh MOPS medium (24 ml in a 125 ml Erlenmeyer flask) and incubated for 16 to 18 h with rotary shaking (200 RPM) at 378C. Bacteria were harvested by centrifugation and sub-cultured in the same medium to achieve an optical density (OD) at 600 nm of 0.4 as determined with a Bausch and Lomb Spectronic 70 spectrophotometer or 0.17 as determined with a Pharmacia LKB NovaSpec II spectrophotometer. To prepare cell suspensions for transport assays and Western blots, cultures were grown to an OD of 0.9 or 0.4, respectively (exponential phase), harvested by centrifugation and resuspended in un-supplemented MOPS medium (NaCl-free MOPS medium devoid of organic supplements and adjusted with NaCl to match the osmolality of the growth medium).
Fluorescence microscopy
Bacteria were cultivated and labelled with fluorescent probes as described previously (Romantsov et al., 2007) . Tagged proteins were stained with FlAsH-EDT 2 (Fluorescein Arsenical Helix binder, bis-EDT adduct) and cells were viewed with an Imaging RetigaEX CCD camera mounted on an Axiovert 200M inverted fluorescence microscope (Carl Zeiss Microimaging) equipped with a Zeiss Plan Neofluor 100x oil NA1.3 objective. Focus and contrast were optimized by differential interference contrast imaging; then, the green filter set was used to visualize FlAsH fluorescence (excitation filter BP470/40 nm, dichroic mirror FT495, emission filter LB525/50). This procedure was necessary to prevent photobleaching of FlAsH. FlAsH fluorescence was detected for approximately 50% of the cells in each population. Cells with septa (6-7% of fluorescent cells) were excluded from further analysis. Cells with uniform fluorescence were designated as lacking polar localization of FlAsH-labeled ProP. Cells with much higher fluorescence intensity concentrated at one or both poles than elsewhere in the cell were designated as showing polar localization of FlAsH-labeled ProP. Cells with polar localization are marked with white asterisks on representative images in Fig. 2A and with white circles on additional images in Supporting Information Figure S1 . The proportion of fluorescent cells showing polar localization (one pole or both poles) is reported as the mean and standard deviation for three sets of at least 100 cells.
To validate that approach, we compared it with computerbased analysis of the distribution of fluorescence within cells. For cls 1 and cls 2 bacteria containing FlAsH-labeled MVCCPGCC-ProPEc, all visible, non-dividing cells in selected fields were examined as follows. Cells were manually selected and the fluorescence intensity as a function of distance along the long cell axis was recorded using the Line Intensity Profile function of Perkin-Elmer's Volocity 6.3 Software. The resulting data were processed to obtain the average, normalized fluorescence intensity as a function of average, normalized length for clsA 2 and clsA 1 cells, using a purpose built script (provided as Supporting Information). The resulting fluorescence intensity distributions for clsA 2 and clsA 1 cells were clearly different (Fig. 2 , panels B and E respectively).
To determine the proportion of bacteria with fluorescence concentrated at a cell pole, the fluorescence intensity distribution for each cell was placed in one of three files, according to visual inspection of the same cell image: (1) data for cells with uniform fluorescence, (2) data for cells with fluorescence concentrated at only one pole and (3) data for cells with fluorescence concentrated at both poles. The resulting distributions of fluorescence intensity, shown graphically in Fig. 2 (panels C, D, F, G and H), were consistent with those assigned by visual inspection. For cells showing polar localization of MVCCPGCC-ProPEc, the fluorescence near the poles reached levels twofold to threefold higher than that at mid-cell.
Transport assays
Bacteria were cultivated in salt-free MOPS medium, supplemented with L-arabinose to induce proP expression as indicated in Table 1 , and transport assays were performed as described before (Culham et al., 2003b) . The substrate specificity of ProPXc differs from that of ProPEc and ProPAt (Marom, 2015) ) for ProPXc. Cell extracts were prepared and proteins analysed by SDS-PAGE and Western Blotting using anti-ProP antibodies as described (Racher et al., 1999) .
Peptide expression and purification
To create an expression system for peptide MRGSH 6 GSGSGSGIEGR-ProPEc-(439-500), an oligonucleotide encoding ProP residues K439-E500, with flanking DraI and HindIII sites, was created by PCR amplification (Brown and Wood, 1992 ) using plasmid pDC79 (Culham et al., 2000) as template with primers JK2 (5 0 -CGCAAGCTTTTATTCAT-CAATTCGCGG-3 0 ) and ProP K 439 (5 0 -GGCGTTTAAAGA-GACGGCAAATCGT-CCG-3 0 ). The resulting oligonucleotide was cleaved with DraI and HindIII at their respective sites (bold), then inserted into StuI-and HindIII-cleaved vector pQE-30a (Qiagen, Mississauga, ON). Recombinants were transformed into E. coli strain SG13009 pREP4 (Qiagen,
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Mississauga, ON) and the sequence of the resulting plasmid (pDC267) was verified.
The encoded peptide and its sequence variants were purified by Ni 21 -nitrilotriacetate affinity chromatography as described (Tsatskis et al., 2005) . Cleavage with Factor Xa protease at target sequence IEGR and subsequent purification steps were performed as described by the manufacturer (Qiagen, Mississauga, ON) to produce the untagged peptide ProP-(K439-E500) and its sequence variants. Peptide purity was monitored by performing Tricine SDSPolyacrylamide gel electrophoresis as described (Schagger and von Jagow, 1987 ) with a 16.5% T, 6% C separating gel, a 10% T, 3% C spacer gel and a 4% T, 3% C stacking gel. Gels were stained with Gel-Code Blue (Pierce, Rockford, IL) according to the manufacturer's instructions. Traces of a high molecular weight contaminant were removed by filtration through a 10,000 MW cutoff filter (Millipore Corporation, Bedford, MA). The purities and molecular weights of the peptides were confirmed with an Agilent UHD 6530 QToF electrospray mass spectrometer at the Mass Spectrometry Facility of the Advanced Analysis Centre, University of Guelph. The instrument was configured with the standard ESI (electrospray ionization) source and operated in positive-ion mode. Data analysis was performed using the MassHunter Qualitative Analysis, version B.06.00 (Agilent), software. Deconvolution of the m/z spectrum was achieved using the Maximum Entropy algorithm within BioConfirm software (Agilent).
Peptide binding assay
The phospholipids used for this study, including E. coli polar lipid extract (Cat. No. 100600), synthetic 1,1 0 ,2,2 0 -tetraoleoyl cardiolipin (CL, Cat. No. 710335), 1-palmitoyl-2-oleoylsn-glycero-3-phospho-(1 0 -rac-glycerol) (16:0-18:0 PG, Cat.No. 840457) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0-18:1 PC, Cat.No. 850457) were purchased from Avanti Polar Lipids, (Alabaster, AL). Liposomes with the indicated proportions of polar lipid extract and synthetic lipid(s) were prepared as described (Racher et al., 1999 ). An average lipid monomer molecular weight of 757.4 g mol 21 was assumed for the E. coli polar lipid extract when it was mixed with synthetic lipids to adjust the mole fractions of PE, PG and CL.
Purified ProP peptide was incubated with liposomes (16 lg of lipid) for 10 min at 378C in 200 ll of phosphate buffer (0.1 M potassium phosphate, pH 7.4, 2 mM b-mercaptoethanol). Liposomes were harvested by centrifugation in a Beckman Optimax Centrifuge with an MLA-130 rotor at 80,000g for 30 min. Pellets were resuspended in 200 ll of fresh buffer. Supernatant and pellet fractions (200 ll) were applied to a nitrocellulose filter (Bio-Rad Laboratories, Mississauga, ON) using a BioRad Bio-Dot Apparatus (Bio-Rad Laboratories, Mississauga, ON). The ProP peptide was detected by Western Blotting with anti-ProP antibodies, as described previously (Culham et al., 2000) . Western Blots were calibrated by including peptide standards (2-20 nmol) on each blot. No binding was detected if liposomes or peptide was omitted from the assay mixture. The proportion of peptide bound was always less than 10% and the yield of peptide in the supernatant plus pellet was in the range 76-89%. Densitometry was performed using Scion Image software.
Circular dichroism spectroscopy
All CD spectra were collected on a Jasco J-815 Spectropolarimeter (Jasco, Easton, MD). Spectra were recorded from 250 to 190 nm and presented as an average of six scans. Temperature was held constant at 258C using a temperature-controlled cuvette holder attached to a Lauda model RMS circulating water bath (Lauda, Westbury, NY) interfaced with the Jasco software. The proteins were at various concentrations from 0.05 to 2 mg ml 21 in 0.1 M potassium phosphate, pH 7.4 in a 1 mm path length UV CD cuvette. All results are expressed as mean residue molar ellipticity [u] 
where h obs is the measured ellipticity in mdeg, MRW or mean residue molecular weight is the molecular weight of the protein divided by the number of amino acids, l is the optical path length of the cuvette and c is the peptide concentration measured in mg ml
21
.
Protein assays
Protein concentrations were determined by the bicinchoninic acid assay (Smith et al., 1985) using the BCA Kit from Pierce (Rockford, IL) with bovine serum albumin as standard.
